Pairs of high density oligonucleotide arrays (DNA chips) consisting of >96 000 oligonucleotides were designed to screen the entire 5.53 kb coding region of the hereditary breast and ovarian cancer BRCA1 gene for all possible sequence changes in the homozygous and heterozygous states. Single-stranded RNA targets were generated by PCR amplification of individual BRCA1 exons using primers containing T3 and T7 RNA polymerase promoter tails followed by in vitro transcription and partial fragmentation reactions. 
INTRODUCTION
Light-directed combinatorial chemical approaches allow the manufacture of high density arrays consisting of >10 5 distinct oligonucleotide species (20 µm feature size) on 1.2 × 1.2 cm 2 glass surfaces (1-2). Such arrays have been used to screen for mutations and polymorphisms in the CFTR gene (3), the HIV-1 reverse transcriptase and protease genes (4), the β-globin gene (5), the mitochondrial genome (6) and the BRCA1 gene (7) . Furthermore, they have been used to monitor gene expression (8) , analyze gene function (9) , optimize antisense oligonucleotide design (10) and acquire information from orthologous genes in related species (11) .
A significant challenge in high density oligonucleotide arraybased applications is to develop assay conditions so all fully complementary perfect match oligonucleotide probes of varying sequence content produce robust and specific target hybridization signals. Subsets of perfect match probes could have a greatly diminished hybridization signal due to decreased duplex stability resulting from sequence composition effects and inter-and intramolecular structures in both target and probes. When reliable data from such probes must be generated, hybridization conditions which are suboptimal for the specificity of other probes with robust hybridization signals may have to be employed. Herein, we analyze the affinity and specificity of RNA targets toward >90 000 oligonucleotide probes present on a pair of high density oligonucleotide arrays that scan the entire coding region of the BRCA1 gene for all possible homozygous and heterozygous sequence changes. To pursue sequence composition effects on target hybridization and to explore possible solutions, we evaluated the effect of incorporating modified nucleoside triphosphates into BRCA1 RNA target on hybridization signal and single nucleotide mismatch hybridization specificity.
MATERIALS AND METHODS

Synthesis of pyrimidine 5′-triphosphates
The synthesis of 5-(1-propynyl)-uridine was accomplished in three steps from commercially available 5-iodouridine (Sigma). First, treatment with excess acetic anhydride in pyridine produced tri-O-acetyl-5-iodouridine. This compound was converted to the 5-propynyl analog using the method of Hobbs (12). The free nucleoside was then generated by reaction with NaOCH 3 in methanol followed by desalting over BioRad AG-501 mixed bed resin.
The 5′-triphosphates of 5-(1-propynyl)-uridine and commercially available 5-methyluridine (R.I. Chemical) were synthesized using a two step procedure. First, conversions of the nucleosides *To whom correspondence should be addressed. Tel: +1 301 496 0844; Fax: +1 301 402 0837; Email: fc23a@nih.gov Table 1 . BRCA1 exon amplification primers into the crude 5′-phosphodichlorodates were accomplished using the procedure of Sowa and Ouchi (13) . Without isolation, these compounds were directly converted into the triphosphates by the addition of tributylammonium pyrophosphate and tributylamine in DMF (14) . The triphosphates were purified by anion-exchange chromatography eluting with a gradient of triethylammonium formate (pH 6.5). Extensive lyophilization and co-evaporation with water provided the desired triphosphates as their triethylammonium salts. Identities of both compounds were confirmed by 31 P NMR spectroscopy and negative ion FAB-MS and the purities were determined to be >95% by analytical anion-exchange HPLC.
Data for 5-MeUTP: 31 NMR spectra were obtained on a Brüker AM500 spectrometer. MS were obtained on a VG Autospec mass spectrometer.
Synthesis of diaminopurine 5′-triphosphate (rDTP)
Diaminopurine-5′-monophosphate was synthesized from diaminopurine riboside (Reliable BioPharmaceuticals) using the described procedure (15) and purified on DEAE-Sephadex employing a 0-0.5 M LiCl gradient to give an 80% yield. The title compound (rDTP) was then synthesized from the monophosphate (16) in 80% yield, purified by RP-HPLC in 50 mM TEAA using an acetonitrile gradient and characterized by 31 
RNA target preparation
In vitro transcription templates were generated by PCR amplification of all BRCA1 coding exons from genomic DNA using intronic forward and reverse primer pairs containing T3 and T7 promoter sequences, respectively (Table 1) . Exon 11 was amplified using the EXPAND™ Long Range PCR Kit (Boehringer Mannheim) (7) . The remaining 21 coding exons were amplified using the Amplitaq Gold PCR Kit (Perkin Elmer). Approximately 5 ng of each exon (except exon 11) were pooled and subject to T3 and T7 RNA polymerase in vitro transcription reactions. Exon 11 templates (∼50 ng) were transcribed in a separate reaction. In vitro transcription reactions were performed in 20 µl reaction volumes using T3 RNA polymerase transcription buffer (Promega), 0.7 mM of the appropriate nucleoside triphosphates, 10 mM DTT, 0.7 mM biotin-16-CTP (Enzo Diagnostics) and 10 U T3 or T7 RNA polymerase as indicated. A 10 µl volume of pooled BRCA1 exons was diluted into a 8 µl solution of 100 mM MgCl 2 with exon 11 transcription products separately treated in a like manner. Reactions were incubated at 94_C for 15 and 45 min, respectively, to fragment targets into ∼50-100 nt long pieces which are more accessible to hybridization (7) . In theory this produces a relatively random distribution of fragmentation products, however, some phosphodiester internucleotide linkages may be more reactive to hydrolysis than others. This may influence target hybridization in some sequence contexts and should be taken into consideration when interpreting array hybridization data in this study.
Array hybridization and data collection
Fragmented exon 11 and pooled exon targets were combined and diluted into a 400 µl volume of hybridization buffer A (3 M tetramethylammonium chloride, 1× TE, pH 7.4, 0.001% Triton X-100) or B (6× SSPE, 0.005% Triton X-100) containing either 1 nM 5′-fluorescein-labeled control oligodeoxyribonucleotides S (5′-CGGTAGCATCTTGAC-3′) or AS (5′-GTCAAGATGC-TACCG-3′) (for arrays complementary to sense and antisense strand targets, respectively) (7). Arrays were hybridized with target, stained with a phycoerythrin-streptavidin conjugate (Molecular Probes) and hybridization signals quantitated as previously described (7).
RESULTS AND DISCUSSION
Oligonucleotide array design
Extending previous analysis of the 3.43 kb central BRCA1 exon 11 (7), a pair of arrays consisting of >96 600 oligonucleotides was designed to scan both strands of the 5.59 kb BRCA1 coding sequence (containing 22 coding exons) for all possible sequence changes not involving insertions and deletions greater than the probe length. Every BRCA1 nucleotide position is interrogated by four 25 nt probes on the chip, each substituted with one of the four nucleotides in the central position. The ratio of hybridization signal to perfect match probes relative to those of the three single nucleotide substitution mismatch probes provides a measurement of hybridization specificity under a given set of conditions (3, 4, 6, 7) . A set of perfect match oligonucleotides (25, 23 and 22 nt in length) per target strand base form a contig of single nucleotide overlapping probes which tile across all BRCA1 coding exons along with 10 bp of flanking intronic sequences. These probes are used in two color hybridization mutational analysis experiments (6,7).
Modified nucleoside triphosphate design
To directly test the effects of target sequence composition due to dA·rU and dT·rA probe·target interactions on the range of hybridization signals, we incorporated modified nucleotides into BRCA1 targets. Elegant studies have shown that several RNA polymerases can tolerate template-directed incorporation of non-natural nucleoside triphosphates (17, 18) . Furthermore, modified uridine derivatives have been characterized which enhance hybridization with adenosine-rich targets including 5-methyluridine ( me U) (19) and 5-(1-propynyl)-deoxyuridine ( p dU). The former is a naturally occurring post-transcriptional modification in several tRNA species (20) while the latter has been employed in antisense oligonucleotide gene expression inhibition studies (21) . The enhanced thermodynamic stability of these modified uridine-containing base pairs, shown in Figure 1 , has been postulated to be due to more favorable stacking interactions and entropic factors (21, 22) . These entropic factors may stem from the enhanced displacement of highly ordered water molecules from the duplex due to these modified uridines (21, 22 ). 2,6-Diaminopurine (DAP) is a modified adenine base which enhances binding affinity to thymine although having significant affinity to other bases in some sequence contexts (23, 24) . This modified adenine has been proposed to increase the stability of base pairs with thymidine ( Fig. 1 ) due to altered stacking interactions, the formation of an additional hydrogen bond in the modified base pair and removing the spine of hydration in the minor groove (23,24; Fig. 1 ).
Effects of modified nucleoside triphosphates on in vitro transcription reactions
In vitro transcription reactions were performed in the presence of ATP, CTP (including biotin-15-CTP for post-hybridization array staining with a phycoerythrin-streptavidin conjugate), GTP and UTP. When examining 5-methyl-UTP ( me UTP) and 5-(1-propynyl)-UTP ( p UTP) incorporation, UTP was excluded. Likewise, ATP was excluded when transcribing with diaminopurine riboside 5′-triphosphate (DTP). For T3 and T7 RNA polymerase in vitro transcription reactions, me UTP did not significantly effect transcription yield relative to UTP based on ethidium bromide staining of the 3.43 kb exon 11 transcription products on agarose gels (data not shown). Substitution of p UTP for UTP in T3 RNA polymerase-mediated transcription reactions caused an ∼4-fold decrease in ethidium bromide stained reaction exon 11 transcription product. In the analogous T7 RNA polymerase-mediated reaction, an ∼10-fold decrease in exon 11 transcription product was found. DTP caused a more dramatic decrease in exon 11 transcription product, 10-and 20-fold for T3-and T7-mediated transcription reactions, respectively. All reactions containing both DTP and me UTP or p UTP showed greatly diminished transcription product yields (>50-fold).
Equivolume amounts of transcription products were fragmented and diluted into hybridization buffer (Materials and Methods). Target concentrations were not adjusted since it is not cost practical to increase transcription reaction volumes for p UTP and DTP in vitro transcription reactions. Furthermore, co-transcription of the smaller exons increases sample throughput and decreases reagent usage but produces a mixture of RNA species which are difficult to resolve and quantitate by gel electrophoresis. In theory it is possible to normalize the concentration of unmodified targets relative to the 5-(1-propynyl)-uridine and 2,6-diaminopurine modified targets. However, this would globally reduce hybridization for unmodified targets, making it difficult to accurately quantitate signals from all oligonucleotide probes. Therefore, the results generated from 5-(1-propynyl)-uridine and 2,6-diaminopurine (and to a lesser extent 5-methyluridine) containing targets should be taken as qualitative rather than quantitative. Our goal was to elucidate how modified nucleoside triphosphate incorporation would affect the performance of BRCA1 target hybridization within the context of previously established assay conditions (7).
Hybridization properties of unmodified targets
The intensity of specific target hybridization may be shown by plotting hybridization signal strength to each perfect match probe per nucleotide position (Fig. 2) . The fluorescent hybridization signal of perfect match probes varies over 130-and 230-fold (sense strand data) and 250-and 620-fold (antisense strand data) for unmodified target at 40_C in buffers A and B, respectively (based on averages of the 10 highest and lowest hybridization signals). Localized decreases in hybridization signal cannot be fully accounted for by thermodynamic parameters based upon target A/U or pyrimidine content (Fig. 2) but presumably also reflect potential intra-and intermolecular target and/or probe structures that inhibit hybridization (10) . Of note is the use of tetramethylammonium (TMA) salts (25) which, along with betaine (26), have been widely used to minimize differences in oligonucleotide hybridization due to A·T content. These effects have been attributed to a non-cooperative differential stabilization of A·T (or A·U) base pairs, relative to G·C base pairs within duplex nucleic acid (25) . Nevertheless, these buffers do not completely ameliorate energetic differences in the hybridization of short oligonucleotide targets (27) . Although TMA + counterions altered hybridization to subsets of arrayed oligonucleotides relative to Table 2 . Sequence tracts with enhanced hybridization due to analog incorporation 1 Target substitutions with me U, 5-methyluridine and p U, 5-(1-propynyl)-uridine. 2 S, sense and AS, antisense strand data. 3 Exonic nucleotide tracts with peak hybridization enhancements relative to unmodified targets (40_C, Buffer A). 4 Tracts (BRCA1 sense strand nucleotide sequence shown) displaying the five largest hybridization signal increases relative to unmodified targets. Italicized letters indicate intronic sequence and uppercase letters represent nucleotides with highest enhancement levels. 5 Maximum level of hybridization signal enhancement. Na + counterions, they did not produce a globally uniform hybridization pattern (data not shown).
Hybridization properties of modified targets
The range of fluorescent signal intensities was narrowed somewhat by me U and p U incorporation (Fig. 2) . Global effects on the hybridization signal strength of me U, p U and DAP modified targets were further characterized by calculating the number of nucleotide positions having signal intensities within categorized bins (Fig. 3) . Relative to unmodified antisense target, me U-and p U-substituted targets showed hybridization signals shifted towards overall higher values while those containing DAP shifted towards lower values. Relative to unmodified sense strand target, me U-and DAP-substituted targets showed similar average hybridization signal intensities (differing <1.2-fold), however, p U-substituted target had an ∼2-fold decreased hybridization signal (buffer A, 40_C). This may result from lowered transcription reaction yields as well as from intra-and/or intermolecular target structures.
To assess localized changes in hybridization signal due to modified nucleotide incorporation, we calculated the ratio of perfect match probe hybridization signal intensity of modified to unmodified target for each sense and antisense strand nucleotide (Fig. 4) . The largest signal enhancements in me U-and p U-substituted targets were primarily found in pyrimidine-enriched tracts containing a large number of uridine residues (Table 2) . Homopyrimidine tracts are preferentially localized on the antisense BRCA1 strand with 15 sequence tracts ≥10 nt long and only one such homopurine tract on this strand. Since DNA·RNA hybrid duplexes containing homopyrimidine RNA tracts are less stable than hybrid duplexes of identical sequence containing homopurine RNA tracts (28), modified uridine analogs have the best opportunity to significantly affect hybridization in these sequence contexts (Fig. 2) . This could explain why me U and p U substitutions have a greater positive impact on hybridization signal from antisense than from sense target strands. While DAP-substituted targets also show regions of enhanced signal (Table 2 ) they are significantly less pronounced than the highest found in the pyrimidine-substituted targets. This may reflect the relative stability of DNA·RNA hybrids containing unmodified homopurine RNA strands.
Unmodified and me U-substituted targets show similar single nucleotide mismatch destabilization properties on both strands under a variety of assay conditions (Table 3 and Figs 5 and 6) . Significantly, this selectivity is maintained with the antisense strand where me U incorporation produced the greatest localized hybridization signal enhancements (Fig. 4 and Table 2 ). When comparing hybridization properties of me U-substituted (buffer A, 42_C) relative to unmodified (buffer A, 40_C) targets, there was only a 2.3-fold average decrease in single nucleotide mismatch discrimination in the five antisense strand nucleotide tracts (Table 2) with the highest levels of signal enhancement. Lower temperatures are used in this comparison for unmodified targets due to diminished, thus less reliable, hybridization signal in these sequence tracts at 42_C.
The global single nucleotide mismatch specificity of probe·target interactions decreases when comparing p U-substituted (42_C) and unmodified targets under identical hybridization conditions (Table 3 and Fig. 5 ). This decreased specificity is highlighted in areas of the greatest probability of p U incorporation. When comparing hybridization properties of p U-substituted (buffer A, 42_C) relative to unmodified (buffer A, 40_C) targets, there was a 5.1-fold average decrease in single nucleotide mismatch discrimination in the five antisense strand nucleotide tracts (Table 2) with the highest levels of signal enhancement.
An example of the localized effects of modified pyrimidine substitutions on target hybridization signal strength from perfect match and single nucleotide mismatch probes is shown in Figure 6 . While me U incorporation enhances hybridization signal and maintains a specific hybridization pattern to match probes in both sequence contexts, p U incorporation increases hybridization signal at the expense of single nucleotide mismatch specificity (Fig. 6c and f) . Importantly, significantly increased p U-substituted target cross-hybridization often occurs in all four probes interrogating a single target nucleotide. Increased cross-hybridization to other areas of the array is also found with p U-substituted relative to unmodified oligodeoxyribonucleotides when hybridized in buffer A (data not shown).
DAP-substituted sense targets produce significantly stronger cross-hybridization to single base pair mismatch probes than unmodified targets (Table 3) . Nevertheless, when comparing hybridization properties of DAP-substituted (buffer A, 42_C) relative to unmodified (buffer A, 40_C) targets, there was a only Table 3 . Single nucleotide mismatch specificity ratios a 2.3-fold average decrease in single nucleotide mismatch discrimination in the five sense strand nucleotide tracts (Table 2) with the highest levels of signal enhancement. Therefore, cross-hybridization occurs in different sequence contexts distributed throughout the array. Furthermore, DAP-substituted antisense targets showed single nucleotide mismatch specificities similar to unmodified targets, presumably due to the decreased number of adenine-rich tracts on this strand and thus lower levels of DAP incorporation. For both sense and antisense analysis, lower overall transcriptional yields of DAP-modified targets result in a lower target concentration in the hybridization reaction. This increases the stringency of the hybridization reaction and consequently increases single nucleotide mismatch discrimination.
Increasing the DAP-modified target concentration to produce more robust hybridization signals, especially for antisense strand targets, will result in lower single nucleotide discrimination, thus reducing the usefulness of this modification.
Co-incorporation of DAP and modified uridine residues into sense and antisense targets had a significantly negative effect on hybridization specificity (data not shown). A large component of this problem is the decreased transcription product yield (>50-fold). It does not appear feasible to simultaneously incorporate modified pyrimidine and purine nucleotide triphosphates and retain robust product yield which has non-degenerate hybridization specificity with these enzymes under these conditions. In the future, RNA polymerases may be engineered to have increased ability to incorporate modified nucleoside triphosphates into transcription products.
Potential applications for modified targets
The examined modified triphosphates can be incorporated into large RNA transcripts by T3 and T7 RNA polymerases. While DAP and p U incorporation both lead to enhanced hybridization in specific sequence contexts, the loss of binding specificity reduces the likelihood of their use in mutation screening analysis. me U incorporation enhances target hybridization signals within specific sequence contexts and does not substantially increase hybridization signal to single nucleotide mismatch probes. Enhanced me U RNA target hybridization signals will be especially important in the mutational analysis of genes having localized regions of strongly biased A·T sequence content (i.e. BRCA2 and ATM genes). Furthermore, in conjunction with modified oligonucleotide surface probes (Fidanza et al., unpublished observations) it may be possible to normalize the binding affinity of all perfect match probes in an array (29) . This would potentially allow hybridization conditions to be used which globally optimize hybridization signal strength and specificity.
Modified nucleoside triphosphate usage could also benefit RNA expression monitoring experiments based on hybridization to high density oligonucleotide arrays (8) . In such experiments, perfect match probe oligonucleotides are selected based upon sequence composition effects to produce robust and specific hybridization signals from RNA targets (8) . Targets containing modified bases may have increased affinity towards a number of perfect match probes previously giving a poor hybridization signal. This would expand the variety of oligonucleotide probes which could be used in these experiments and allow increased freedom in selecting probes placed in strategic positions (i.e. splice junction sequences so as to monitor the expression of differentially spliced RNA transcripts).
Modified RNA transcripts can also be used to analyze the biophysical properties of nucleic acid structures (17, 18, 30) . Others have incorporated modified bases into RNA during in vitro selection assays to expand the repertoire of RNA species having affinities for small molecules or specific catalytic properties (31) . Increasing the stability of A·U base pairs using this strategy could expand the variety of nucleic acid structures which may have distinct biophysical properties.
